Purpose: New frequency correction methods are required to achieve the accurate measurement of frequency drifts in MRS and MRSI. We present a prospective frequency correction method with outer volume suppression (OVS)-based localization and selective water excitation for effective frequency correction with better SNR improvement compared to other techniques.
increase when high shim currents or rapidly switching gradients are applied. 1 Frequency drifts can occur due to subject motion. The frequency drifts during SVS/MRSI measurements result in ineffective water suppression and errors in spatial localization. Frequency drifts also cause broad and distorted spectral lineshapes, reduced SNR, and quantification errors [2] [3] [4] [5] [6] [7] [8] [9] [10] -especially when SVS/MRSI scans are performed after MRI scans with a high gradient duty cycle, for example, FMRI and DWI.
In order to mitigate the effects of frequency drifts in SVS/MRSI, both retrospective and prospective frequency correction methods have been proposed. [2] [3] [4] [5] [6] [7] [9] [10] [11] [12] [13] [14] Retrospective frequency correction methods, however, cannot correct ineffective water suppression resulting from frequency drifts. Furthermore, retrospective frequency correction methods utilizing residual water signals or metabolite reference spectra 3, 5, 7, [11] [12] [13] are not applicable to MRSI, where no reference water or metabolite signals are available due to phase encoding. In contrast, prospective frequency correction methods utilizing a navigator can be applied to SVS and MRSI because the navigator is acquired separately from MRSI without phase encoding. A navigator in the prospective frequency correction methods is typically acquired in an interleaved manner, termed an interleaved reference scan (IRS) method. 2, 4, 6, 9, 10, 14 A small excitation flip angle is often used for the water navigator to reduce the saturation effects on MR spectra, acquired immediately after the navigator. The volume localization can be incorporated into the navigator acquisition, 15 for example, IRS-PRESS navigators 4, 6 for the reduced spectral linewidth and the improved frequency drift estimation. Nevertheless, the IRS-PRESS navigators lead to the saturation-induced SNR loss even with a small excitation flip angle ). 4, 6 The SNR loss becomes substantial when imperfect 1808 refocusing pulses are used or when the T 1 relaxation delay is short. In this study, we propose a new prospective frequency correction method to obtain the localized navigator that effectively corrects motion-and gradient heating-induced frequency drifts, overcoming the aforementioned shortcomings of currently available methods. This proposed OVS-localized navigator method avoids perturbation of metabolite signals in MRS/MRSI, preventing any saturation-induced SNR loss.
| M ETH ODS
The proposed prospective frequency correction method utilizes a navigator with OVS localization 16, 17 and selective water excitation for navigator acquisition ( Figure 1 ). The volume of interest (VOI) of OVS localization matched that of SVS or MRSI. Two-layer OVS bands were used to achieve a well-defined VOI with sharp transition. The first layer OVS bands were composed of 6 narrow saturation bands with 3 cm thickness and placed around the VOI. The second layer OVS bands with 10 cm thickness were placed outside the first layer of OVS bands with partial overlap. Following the OVS localization, a 908 frequency selective pulse was used to excite only water signals for the navigator. RF pulses used for OVS localization and selective water excitation were a high-bandwidth frequency modulated pulse (HS1, duration 5 4 ms, bandwidth 5 5 kHz) and an amplitudemodulated asymmetric pulse (duration 5 36 ms, bandwidth 5 127 Hz), respectively. 18 The number of data points for the navigator was 512, and bandwidth was 2000 Hz. Water navigator signals (FID nav ) ( Figure 1 ) were sent to the real-time reconstruction system. The receiver phase of each coil element of the 16-channel array coil was measured from the first time point of navigator signals and was subtracted from each navigator signal. After the phase correction, all navigator signals were summed together using SNR as a weighing factor and then zero-padded into 40,960 points and Fourier transformed. The peak position of the water spectrum was used to measure the water frequency to update frequencies of RF pulses and the receiver for the remaining part of the sequence at each TR. All experiments were performed on a 3T MR system (Skyra, Siemens AG, Erlangen, Germany) using a body transmit coil, 16-channel head array receive coil, and vendorsupplied field mapping routine for shimming. Water suppression was achieved using a combination of variable power RF pulses with optimized relaxation delays (VAPOR) scheme. 18 The OVS-localized navigator was incorporated into the semi-localization by adiabatic selective refocusing (semi-FI GU RE 1 Pulse sequence diagram of the proposed OVS-localized navigator method. OVS localization in the OVS-localized navigator acquisition segment consisted of 2 layers of OVS bands in all 3 dimensions. Only 1 layer of OVS was shown for the simplicity of the figure. High bandwidth frequency modulated pulses (HS1, pulse width 5 4 ms, bandwidth 5 5 kHz) were used for OVS localization, and an asymmetric amplitude modulated pulse (pulse width 5 36 ms, bandwidth 5 127 Hz) was used for selective water excitation. The frequency drift was measured at each TR from the navigator water signal in the real-time module of the scanner and used to update the frequencies of RF pulses in the following segment (water suppression 1 OVS 1 localization) and the receiver prospectively at each TR. LASER) 19 -based SVS and MRSI sequences. For the SNR comparison, the PRESS-IRS navigator method with a navigator flip angle of 158 4, 6 was also implemented in the semi-LASER sequence. OVS-localized and nonlocalized navigator signals were measured, followed by the acquisition of unsuppressed water signals from the VOI without frequency corrections, as a reference for accessing the precision of frequency tracking in a phantom containing acetate and lactate as well as in a human. Frequency drifts were induced by gradient heating by a preceding 30 , and scan time 5 170 s. The impact of OVS-localized navigator or PRESS-IRS navigator on SNR was estimated with normalized SNR changes, (SNR-SNR no-nav )/SNR no-nav , in reference to SNR without any navigator. SNR was computed as a ratio of area under the acetate peak to the RMS noise. SNR was measured to access the saturation effects due to navigators at 5 TR values (1300, 1400, 1600, 1800, and 2000 ms), and each measurement was repeated 5 times. The SNR differences were assessed using a 2-sample t test.
Three MRSI scans were performed on 10 healthy subjects (2 females and 8 males; 36 6 9 years old, mean 6 SD): an initial MRSI scan before DWI without any frequency correction as a reference, followed by 2 MRSI scans after DWI with and without frequency correction. MRSI parameters were: The spectral quality, including SNR and linewidth, metabolite concentrations, and Cram er-Rao lower bounds (CRLB), were quantified using the linear combination of model spectra (LCModel) analysis, 20 and were averaged over 36 voxels within the VOI of MRSI scans. In each subject, the mean values were compared between MRSI scans before and after DWI using the paired t test with a significance level P < 0.05.
| R ES ULT S
The frequency tracking precisions of our OVS-localized navigator and nonlocalized navigator were similar in correcting frequency any navigator (P > 0.55) ( Figure 3A) . In contrast, the use of the IRS-PRESS navigator resulted in 9.7% to 13.7% lower SNR of SVS than without any navigator (P < 0.0002). The SNR loss was greater with shorter TRs ( Figure 3B ).
In MRSI, linear frequency drifts induced by DWI were 5.1 6 0.3 Hz/min in humans and 5.2 Hz/min in a phantom determined by linear regression (Figures 4A and 4B) . The fluctuation of frequency drifts in humans showed no significant differences before and after DWI but was larger than the fluctuation in the phantom (0.4 6 0.1 Hz vs. 0.1 Hz) ( Figures  4A and 4B) . The DWI-induced frequency drifts resulted in broad and distorted lineshapes of MRSI spectra of both a phantom and the human brain ( Figures 4G and 4H) . Spectral linewidth was increased from 4.0 Hz to 14.5 Hz in a phantom
In humans, the frequency drifts also resulted in significant biases of creatine and myo-inositol concentrations and significantly increased CRLB of NAA, choline, myo-inositol, and glutamate 1 glutamine (P < 0.05) ( Table 1) . With the frequency correction using the OVS-localized navigator, the linear frequency drift was reduced to 0.01 Hz/min in a phantom and 0.1 6 0.1 Hz/min in humans. The MR spectra acquired with the frequency correction showed comparable spectral quality compared with the spectra before DWI (Figures 4E  and 4F ). The SNR of MRSI spectra in humans was 18.8 6 2.1 before DWI and was 18.1 6 2.0 and 19.7 6 2.6 after DWI (with and without correction). The spectral linewidth was reduced to 3.7 Hz in a phantom and 5.4 6 0.5 Hz in humans. The spectral linewidth, metabolite concentrations, and CRLB showed no significant differences compared with those before DWI (P > 0.05) ( Table 1 ).
An addition of the OVS-localized navigator to 2D MRSI caused an increase of the specific absorption rate value by 0.1 to 0.2 W/lb. The increase was approximately 7% to 13% of the specific absorption rate limit (1.5 W/lb) for head scans. At the minimum achievable TR of 1350 ms, the total specific absorption rate value with the added OVS-localized navigator was 0.7 W/lb and was below the specific absorption rate limit.
| DI S CU S S IO N
Our proposed frequency correction method with the OVSlocalized navigator achieved accurate measurements of frequency drifts and effective frequency correction. The use of OVS localization and selective water excitation for the navigator ensured the narrow linewidth and maximum SNR of the navigator signals without any SNR penalty to metabolites by not perturbing the signals within the VOI. In contrast, IRS-PRESS navigator approaches could cause SNR loss of 10% or greater even with low flip angle excitation (10-208), especially when short TR was used. The SNR loss with the IRS-PRESS navigator may be reduced by increasing TR or by decreasing the excitation flip angle of the navigator. However, these approaches may cause either increased scan time or reduced SNR of navigator signals.
Frequency drifts due to gradient heating after FMRI or DWI scans are much greater 1,2,6,21,22 than those due to system instability: < 0.2 Hz/min on a 3T scanner. 4 Our results
show that when frequency drifts are large, frequency corrections at each TR are required to maintain accurate spatial encoding, spectral quality, and effective water and lipid suppression. The consistent spectral alignment during the data acquisition is particularly important for MRSI with its prolonged scan time. Previously, navigator-based frequency correction methods have been proposed to correct frequency drifts in MRSI using nonlocalized water signals. 9, 10, 14 However, some of these retrospective methods, in which the frequency drifts at each TR are corrected using postprocessing routines, provide only partial corrections for the effect of frequency drifts. For example, compromised water or lipid suppression efficiency due to frequency drifts cannot be corrected. Furthermore, nonlocalized navigators failed to track the motion-induced frequency drifts (Figure 2 ). In contrast, the prospective frequency correction method using the OVS-localized navigator can effectively prevent the deleterious effect of large frequency drifts resulting from gradient heating and subject motion by acquiring each phase-encoded data with the correct frequency setting. Accurate frequency setting is especially important for spectral editing, which critically depends on the accuracy of frequency selective editing pulses with generally a very narrow bandwidth. The effects of inaccurate frequency setting due to frequency drifts during spectral editing are partial loss F IGUR E 4 Frequency drift correction in MRSI using the OVS-localized navigator method. MRSI measurements were performed in the presence of gradient heating-induced frequency drifts on a phantom (A) and on a healthy volunteer (B) using the OVS-localized navigator. Frequency drifts following a 30-min DWI experiment were 5.2 Hz/min in the phantom and 5.1 Hz/min in the human brain. MRSI data were acquired using a semi-LASER sequence before the DWI experiment (baseline) (C and D), after the DWI experiment with (E and F), and without (G and H) the prospective frequency correction. The OVS-localized navigator was acquired in all MRSI scans to monitor the frequency drifts. After the DWI experiment, the spectra with the prospective frequency correction were comparable compared with the baseline spectra, whereas significant spectral broadening and distortion were visible from the spectra without the prospective frequency correction. Semi-LASER, semi-localization by adiabatic selective refocusing sequence of edited signals or signal contamination from interfering signals. Most of the current spectral editing utilizes retrospective frequency correction methods. 21, [23] [24] [25] Only a recent study utilized a prospective frequency correction for GABA editing using an interleaved water referencing method, which corrects the frequency every 20 TR using a reference water signal. 22 However, the interleaved water reference method may not effectively compensate large frequency drifts, for example, 5 Hz/min. For example, when the B 0 frequency drift is 5.1 Hz/min and TR 4 s, the estimated frequency drifts are up to 6.8 Hz and 0.3 Hz for the interleaved water reference method and the current prospective frequency correction method, respectively. The frequency drift of 6.8 Hz is significant in GABA editing because interference from macromolecule signals to edited GABA signals can vary significantly with frequency drifts. Thus, the proposed prospective frequency correction method could enhance editing accuracy even with large B 0 frequency drifts during the scan. Gradient heating-induced frequency drifts are approximated to vary linearly over time, whereas motion-induced frequency drifts such as respiration can exhibit short-term fluctuations in frequency ( Figures 4A and 4B) . 2 In our study, the maximal fluctuation during MRSI was 1.2 6 0.8 Hz across human subjects and is comparable with the previously reported fluctuation in humans (0.8 Hz) using a nonlocalized navigator. 2 The fluctuations of frequency drifts can potentially be corrected using the OVS-localized navigator. However, the OVS-localized navigator can only correct for slow frequency drifts occurring between TRs. Furthermore, the precision of the frequency correction is limited by the scanner software, which only allows the modification using integers. 26 Whereas we observed an increased signal peak and improved linewidth of the spectra with the frequency correction (Figure 4 ), both SNRs with and without the frequency correction showed only 5% percent changes in reference to SNR before DWI. Because the spectra of humans were influenced by both motion-and gradient heating-induced frequency drifts, it is unclear which frequency drifts mainly contribute to the changes of SNR. SNR in LCModel analysis is computed as the signal peak subtracted by the baseline and divided by the fitting residuals. 20 Therefore, the discrepancy may arise from inaccurate basis sets in conjunction with distorted broad line shapes ( Figure 4H ) that could artificially reduce LCModel fit residuals. Gradient heating-induced frequency drifts can be considered as spatially invariant changes in the B 0 field with minimal effects on B 0 inhomogeneity. 1 However, when subject motion is present, frequency drifts within the VOI are spatially dependent 27 and can only be tracked using a VOI localized navigator. Furthermore, because the B 0 field is disturbed, the system frequency correction alone is not sufficient. When head motion is present, additional adjustments such as the VOI position and first-and second-order shim currents will further improve spectral quality. [11] [12] [13] [26] [27] [28] [29] [30] [31] The water frequency of the navigator can be measured using time-domain phase fitting 2,10 or frequency-domain peak detection methods. 2, 6 These 2 methods have been shown to have similar accuracies to detect system instabilityinduced frequency drifts on a phantom. 2 In the time-domain phase fitting method, frequency drifts are assumed to correspond to a linearly varying phase with time. However, motion-induced frequency drifts possibly result in nonlinear phase evolution with time 32 and cannot effectively be detected by the time-domain phase fitting method. Therefore, this study used the frequency-domain peak detection method to track frequency drifts. The impact of the navigators on SNR was assessed using acetate in the phantom (Figure 3 ). The T 1 relaxation time of acetate was 3500 ms, measured using the saturation recovery sequence, and is longer than that of metabolites in the human brain, 1000 to 1500 ms. 33 To reduce the long T 1 relaxationinduced saturation effects, the impact of the navigators on SNR was estimated with normalized SNR changes. Because the SNRs with and without navigators are influenced by the T 1 relaxation times, the normalized SNR changes only have a small dependence on the T 1 relaxation times for a given TR, for example, 1% to 2% differences using a simulation. Metabolite quantification typically requires additional unsuppressed water reference scans. For MRSI with a longer duration of the water reference scan, prospective frequency correction is necessary for accurate metabolite quantifications. However, the OVS-localized navigator with a 908 water excitation pulse can introduce saturations of water Percentage changes were computed in reference to the measurements before the DWI experiment and were the average across ten subjects. (*) indicates P < 0.05 using a paired t-test. CRLB, Cram er-Rao lower bounds; Gln, glutamine; Glu, glutamate; mI, myo-inositol. signals. Therefore, the flip angle of the water excitation pulse needs to be reduced to <108 to minimize the saturation effect on water signals. The OVS-localized navigator required approximately 375 ms: OVS localization (77 ms), water excitation (42 ms), and navigator data acquisition (256 ms), which was similar to that for the IRS-PRESS navigator (307 ms). This required time could be shortened by incorporating the OVS navigator into the VAPOR scheme. 18 The nonlocalized or slab-localized navigators with a 18 flip angle 2,9,10,14 are simple to implement and require less time with a negligible SNR loss. They can be applied to correct frequency drifts for MRSI with a whole-brain coverage or a thin slab VOI. However, those simple navigators may only provide limited or suboptimal precision to track and correct motion-induced frequency drifts when VOI selection is desirable for reducing subcutaneous lipid contamination ( Figure 2 ). Thus, in these cases, volume-localized navigators are necessary to compensate frequency drifts.
| C ONCL US I ON
The proposed prospective frequency correction method using the OVS-localized navigator provides an effective real-time frequency correction with no SNR loss in the presence of large frequency drifts. In addition, the proposed method with no saturation-induced SNR loss can be especially beneficial for measurements of metabolites with a long T 1 relaxation time and measurements that require short TR to reduce scan time in high-resolution MRSI with many phase encoding steps.
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